After preincubationof human lactate dehydrogenase (EC 1.1.1.27) isoenzymes 1 through 5 with lactate at pH 9.4, 9.8, 10.25, and 10.6 at 30#{176}C for 10 mm, the reduction of NAD was measured at the same pH values and temperature during the interval 1-2 mm after adding the coenzyme. 
Materials and Methods
The Li salt of L( + )-lactate and 2-amino-2-methyl-1 ,3-propanediol were obtained from Sigma Chemical Co., St. Louis, MO 63178; /3-NAD from Oriental Yeast Co., Ltd., Suita-shi, Osaka 564, Japan; diethanolarnine (DEA), 3-cyclohexylaminopropanesulfonic acid (CAPS), and glycine from Wako Pure Chemical Industries, Ltd., Osaka-shi, Osaka 541, Japan; and trimethylamine from Katayama Chemical Co., Ltd., Higashi-ku, Osaka 541, Japan. LD 1-5 from human heart and liver were each purified to electrophoretical homogeneity by a conventional method involving affinity chromatography on an AMP-Sepharose column and ion-exchange chromatography on a DEAESepharose column (16).
Solutions of the isoenzymes 1-5 were prepared as follows.
Human serum was adjusted to pH 12 with the minimum volume of 6 mol/L NaOH, incubated at 30 #{176}C for 1 h to completely inactivate the LD present, then neutralized with the minimum volume of 6 mol/L HC1. From this serum 1-mL portions were variously supplemented with 10 L of purified LD 1-5, and used in our experiments.
In some cases, these enzyme solutions were mixtures of LD 1-5 without addition of the alkali-treated sera. In other cases, they were untreated normal and abnormal human sera.
The lactate-to-pyruvate conversion activities of the respective isoenzymes and mixtures of LD 1-5 at pH 8. was measured at 30 or 37 #{176}C during the interval 1 to 2 mm after adding the coenzyme.
Reactions at pH 9-11 were measured as follows. We mixed 1 mL of 0.23 mol/L CAPS-NaOH buffer containing 57.5 mol of i..-lactate for 30 #{176}C (or 80.5 Mmoi for 37 #{176}C) with 0.1 mL of an enzyme solution. The mixture was preincubated at 30 or 37 #{176}C for various intervals.
To the preincubated mixture, 50 jL of NAD (115 mmol/L solution for 30#{176}C or 161 mmolIL solution for 37 #{176}C) was added to start the reaction, and M/min was measured at the same temperature and pH as for preincubation. In most cases, the preincubation time was fixed at 10 min, but in some cases preincubation was omitted.
The activity thus obtained was regarded as the activity at that pH. In some cases, untreated normal and abnormal human sera were used as enzyme solutions. In some other cases, 0.23 mollL glycine-NaOH buffer, 2-amino-2-methyl-1,3-propanediol-hydrochloride buffer, or trimethylamine-.. hydrochloride buffer were used. For electrophoresis of LD 1-5 we used Agarose Universal Electrophoresis Films, a Cassette Electrophoresis Cell, and the Universal PHAB Buffer Set (all from Corning Medical and Scientific, Palo Alto, CA 94306). Normal and abnormal human sera in volumes corresponding to 0.3-0.5 mU of LD (1-3 j.L) were applied in the sample wells on the films. After electrophoresis at 90 V for 45 mm, the ifims were stained with LD-staining reagent (activity staining LDH kit-N; Nippon Shoji Co., Ltd., Higashi-ku, Osaka 540, Japan). The stained films were evaluated at 570 nm with a densitometer (Model 710; Corning Medical and Scientific).
The iA values were measured at 30 or 37 #{176}C with a Model 557 spectrophotometer equipped with a constanttemperature cuvette holder (all from Hitachi, Ltd., Chiyodaku, Tokyo 100, Japan). CAPS-NaOH buffer containing lactate (pH 9.0-10.8).
Results

Activities
The preincubated solutions were then supplemented with NAD and A/min was measured at the same temperature and pHs as for preincubation (Figure 2 ). At pH 10.6, LD 1 showed 138% of the reference activity, whereas none of the other isoenzymes showed activity. At pH 10.25, LD 1 and 2 showed 140 and 100% of the reference activities, respectively. At 9.8, LD 1, 2, and 3 showed 123, 108, and 88% of the reference activities, respectively. At pH 9.4, LD 1,2,3, and 4 showed 111, 104, 96, and 68% of the reference activities, respectively. Evidently, assay of mixtures of LD 1-5 at these four different alkaline pHs allows selective assay of each of the isoenzymes.
LD 1-5 were each preincubated at 30 #{176}C at pH 10.6 for various intervals;
A/min was then measured at the same temperature and pH as used in the preuncubation (Figure 3) . LD 1 was hardly inactivated, whereas the other isoenzymes were completely inactivated within 7 miii. At 10 mm, LI) 1 and 2 remained significantly active at pH 10.25; LD 1, 2, and 3 at pH 9.8; and all the isoenzymes other than LD 5 at pH 9.4. LD 1-5 were mixed as indicated under "reference activities added" in Table 1 163  115  83  47  42  40  42  56  48  46  46  44  240  235  183  158  123  73  53  49  46  43  44   28  48  46  46  44  212  214  162  132  88  36  26  52  50  45  41  56  96  46  46  44  288  273  234  212  176  76  55  99  43  42 
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in which the total activities of LD 1-5 at pHx ("activities measured at pH") and the reference activities of the respec- The same experiment as for Figure 2 was carried out at 37 #{176}C (Figure 4) . After preincubation for 10 miii, LD 2-5 were completely inactivated at lower pHs than was the case at 30#{176}C. At pH 10.4, LD 1 showed 121% of the activity at pH 8.7 at 37 #{176}C (reference activity), whereas none of the other isoenzymes was active. At pH 10.1, LD 1 and 2 showed 121 and 85% of the reference activities, respectively. At pH 9.6, LD 1, 2, and 3 showed 107, 104, and 74% of the reference activities, respectively. At pH 9.3, LD 1-5 showed 106, 103, 88, 38, and 0% of the reference activities, respectively. The same experiment as for Figure  3 was carried out at 37 #{176}C ( Figure  5 ). LI) 1-5 were each preincubated at 37 #{176}C at pH 10.6 for various intervals, and A/mun was then measured at the same temperature and pHs as used in the preuncubation. LD 1 was not influenced for at least 13 mm, whereas the other isoenzymes were completely inactivated within 5 mm. After preincubation for 10 mm, only LD 1 and 2 remained active at pH 10.1, and LD 1, 2, and 3 at pH 9.6; 35 'C (20) . The buffers composed of the latter four reagents with pH adjusted with HC1 or NaOH, and CAPS-HC1 buffer containing these reagents, gave almost the same results as CAPS-HC1
buffer for the stabilities of LD 1-5 at 30 and 37 #{176}C.
LD 1-5 were mixed in the same manner as for Table 1 The values thus obtained (reference activities calculated) and the reference activities added to the enzyme solutions (reference activities added) were significantly similar for LD 1-3, but appreciably different for LD 4 and 5. However, when the activities of LD 4 and 5 were summed, the activities thus obtained were similar for the reference activities added and calculated (data not shown). Normal and abnormal human sera were preincubated at 37 'C for 10 mm at pH 10.4, 10.1, 9.6, 9.3, or 8.7. The preincubated sera were measured for A01min at the same temperature and pHs as used in the preuncubation, and simultaneously subjected to electrophoresis. With the densitograms of the activity-stained electrophoresis ifims thus obtained, the percentage ratios of the respective U) 1-5 to the total LD were estimated from their peak areas (electro.. phoresis). The percentage ratios of the reference activities of the respective LD 1, 2, 3, and 4+5 to the total LD (present method) are compared with those obtained by the electrophoretic method in Figure 6 .
Discussion
The effects of pH on the activities of U) isoenzymes have been examined before (23) (24) (25) (26) . King (27) (29) , however, argued that assay at such a high pH is not appropriate for measuring the total activity, because U) 5 is so rapidly inactivated during the measurement, a view in accord with the present findings (Figure 3) . To our knowledge, the method of Buhl et al. (17,18) , in which the lactateto-pyruvate reaction is measured at pH 8.7, is the most appropriate for measuring total LI) activity. In the present study, the activities and the stabilities of human U) 1-5 were examined in detail for pus ranging up to 11.
At 30#{176}C at pH 10-11, the activities for the lactate-topyruvate reaction differed significantly: LD 1>2>3>4> 5. At pH 10.6, the activities of U) 1 and 2 were 150 and 100% of the reference activities [those measured at pH 8.7 by the method of Buhi et al. (17, 18) ], whereas none of the other isoenzymes was active. This suggests that U) 1 and 2 can be selectively measured at pH 10.6 in mixtures of LD 1-5. However, we found that LD 2 was so rapidly inactivated at pH 10.6 that the measurement would not be accurate (Figure 3) .
In contrast, when U) 1-5 were each preincubated at 30 or 37 'C at pH 9.3-10.6 for various intervals and their activities then measured at the same temperature and pHs as used in the preincubation, the results were significantly different for the respective isoenzyrnes ( Figures   2-5 ). Guided by this finding, we devised a method appropriate for selective assay of the respective msoenzymes in mixtures of them. Differences of the stabilities of LD 1-5 in the acidic pH range were also examined (data not shown). U) 5 was more stable than LD 1, whereas the differences were significantly smaller than those in the alkaline pH range.
When mixtures of LI) 1-5 were preuncubated at 30#{176}C at pH 10.25 for 10 mm and their activities were measured at the same temperature and pH as used in the preuncubation, isoenzymes 3-S showed no activity, but LD 1 and 2 showed 140 and 100%, respectively, of their reference activities originally present, even though they had been inactivated by 0 and 18% in the preincubation, respectively. Obviously, this method is significantly superior to the a-hydroxybutyrate method (30), in which LI) 1-5 show about 170, 120, 90, 60, and 40% of the original activities, respectively.
Thus, the principle of the present method is that the five kinds of the LD isoenzymes present are completely inactivated one after another at each time when the preincubation pH is increased step by step. Accordingly, the accuracy of this method depends on the degree of respective activities of the isoenzymes remaining after preincubation at any one of the pHs selected: the higher the residual activity, the more nearly accurate the results.
When preincubated at 30 'C, LD 1 at pH 10.6; LI) 1 and 2 at pH 10.25; U) 1,2, and 3 at pH 9.8; and LD 1,2,3 and 4 at pH 9.4 were slightly or slowly inactivated, while the other isoenzymes were completely inactivated at the respective pHs within 10 mm ( Figure 3) . Of the isoenzymes remaining after preincubation for 10 miii, LI) 4 was inactivated most 40 60
quickly by preincubation at pH 9.4, suggesting that the measurement at pH 9.4 was the least accurate. In fact, the present method at 30 'C was somewhat less accurate for LI) 4 and 5 than for LD 1, 2, and 3 (Table 1) .
When the preincubation and activity measurements were both done at 37 'C, LI) 1 at pH 10.4; LD 1 and 2 at pH 10.1; LI) 1,2, and 3 at pH 9.6; and LD 1,2,3, and 4 at pH 9.3 were slightly or slowly inactivated, while the other isoenzymes were completely inactivated at these respective pHs within 10 mm ( Figure  5 ). Of the isoenzymes remaining after preincubation for 10 mm, LI) 4 was inactivated the most quickly on preincubation at pH 9.3, even more quickly than on preuncubation at pH 9.4 at 30#{176}C. The residual activity of U) 4 after preincubation for 10 mm was only 28% of the original reference activity of the isoenzyme, suggesting that measurement at pH 9.3 is appreciably less accurate than at the other pH values. On the other hand, the activities of LI) 4 and 5, if summed, were measurable with reasonable accuracy.
The present method at 37 'C was applied to selective assay of the respective LD 1-5 present in normal and abnormal human sera, and the results thus obtained were compared with those obtained by the method of electrophoresis ( Figure 6 ). The activities of U) 4 and 5 were summed as described above. The result indicates that the activities of U) 1, U) 2, LI) 3, and LD 4+5 thus measured were comparable with those measured in electrophoresis.
We believe the present method is easily applicable to routine selective assay of the respective LD isoenzymes in human serum. Moreover, it may be that differences in the stabilities of LD 1-S to acidic and alkaline pH can be enhanced when reagents such as urea, suithydryl compounds, chaotropic reagents, or detergents are also present during preincubation.
